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Abstract 
The traditional tolerance analysis of optical design does not consider the capability of the manufacturing process and the 
quality variation of the assembly process caused by the manufacturing errors of optical and mechanical components. This paper 
presents an equivalent tolerance design method in which an enlarged field angle is used during the optical design process. The 
method comprises of four steps of: (I) provides an optical system which satisfies its specification; (II) performs the sensitivity 
analysis; (III) defines an enlarged field angle of the optical system based on the previous step (II); and (IV) redesigns the optical 
system with an enlarged field angle to meet the specification. An enlarged field angle was involved in the optical system design
process, so as to achieve the effect of tolerance design. A 2.5 X close-up lens for digital-micro-imaging is applied to the study of 
the equivalent tolerance design method. As a result, the performance of this lens can meet the designed specifications. 
PACS: 42.79.Hp 
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1. Introduction 
In recent years, along with the rapid development of the optoelectronics industry, the image quality of lens is 
more and more required strictly for varied electronics products, such as inspecting lens for machine vision, digital 
camera and projector [1]. Currently, optical design engineers can complete the imaging lens design by optical 
software and their engineering experiences supporting. However, some manufacturing and assembly parameters, 
like assembly deviation, lens holding and environmental change, are not included in the process of optical design at 
this stage. 
Usually, the imaging quality of optical systems can be expressed by Seidel aberrations and chromatic aberration. 
In order to make the image quality of various aberrations more clearly in the system design process, manufacturers 
could take the modulation transfer function (MTF) or wave-front error as evaluation criteria of system performance 
[2]. However, there exist some manufacturing or assembly errors, so the actual performance of optical system will 
not be the same as expected value (there exist some aberrations). 
In general, the tolerance design procedure must be executed before the lens manufacturing process in order to 
meet the design specifications of optical system. The main purpose of tolerance design is to establish the small 
* Corresponding author. Tel.: +0-886-3-5779911; fax: +0-886-3-5773947. 
E-mail address: hankchang@itrc.narl.org.tw. 
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of the Organising Committee of the ICOPEN 2011 conference
Open access under CC BY-NC-ND license.
272  Chun-Li Chang et al. / Physics Procedia 19 (2011) 271–277
perturbation of design parameters for the system variability of image quality. Typically, light tracing and tolerance 
sensitivity analysis are the most popular methods to evaluate the image quality. Light tracing method, Monte Carlo 
method or manufacturing error Random Model, requires a period of time to determine the probability of image 
quality [3]. In the analysis method of tolerance sensitivity, the designers need to decide the dominate variation 
factors of image quality by their designed experiences [4].  
During the tolerance design, the manufacturing and assembly errors of various components will be combined into 
several statuses. Then, these statuses will be optimized at the same time to meet the design specifications of optical 
system. Even though some manufacturing and assembly errors can be considered at the design stage, the optical 
system is too complicated to take various uncertainties into account. For example, some combined error will offset 
the impact of each other and some will enhance the effect. Therefore, how to select the appropriate combination of 
error has become a much difficult task [5]. Sieber et al. [6] proposed the sensitivity analysis coupled with the robust 
design to enhance the self-assembly procedure error. Isshiki et al. [7] used the global search algorithm to optimize 
the tolerance and system performance, and adjust the design parameters to improve the sensitivity of the tolerance, 
manufacturing, and assembly. 
 This paper presents a specific method of tolerance design to reduce the reliance on the engineering experiences 
of designers. Compared with the traditional tolerance design methods, this method can save more design time from a 
large number of iterative process and implement easily by package software. In addition, it has a great advantage, 
which is compatible with the optical design software platforms. 
2. Principle of Equivalent Tolerance Design 
Due to the factors of lens manufacturing and assembly error, material error, opto-mechanical parts gripping stress 
and environmental variations, the performance of an actual optical system is usually not as expected to reach the 
ideal status after the design process. This section describes the flowchart of the traditional tolerance design and the 
influence of common manufacturing error to image quality. In addition, the architecture and implementation of 
equivalent tolerance design method will be indicated, and the impact on the MTF will be illustrated as two examples. 
2.1. Traditional tolerance design and flowchart
At first, the tolerance parameters of optical system, such as tilts and decentrations of lens, irregularities of surface 
and thickness, etc, must be determined before the design. The range of each tolerance parameter must be determined 
based on the actual capacity of the manufacturer. Secondly, we need to indicate the compensator and range of 
parameter of the system. The selection of the compensator is an adjustable parameter in the final assembly and 
testing process. Usually, the dominate items (MTF, wavefront error and RMS spot radius) will be selected as 
indicating variables for the performance analysis of system. 
Figure 1 Flowchart of traditional tolerance analysis [3]. 
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Then, the purpose of sensitivity analysis is to calculate the degree of influence about indicating variables of 
system performance and defined tolerance items. In the analysis process, the software will compute the actual value 
of the indicating variables. After this analysis, the impact on every tolerance parameters of the indicating variables 
can be found and dominate parameters affected the indicating variables will be discover after sorting by their 
contribution. Moreover, parameters of new tolerance items and the compensator can be joined and re-estimated the 
change of indicating variables on new analysis conditions. Basically, the tolerance design process will finish when 
the design specifications are qualified. Otherwise, the previous steps must be repeated until the system performance 
to meet the design specifications. If it still not meets the specification after several iterations, the original design of 
optical system must be abandoned and the new design will restart. 
2.2. The impact of tolerance on the imaging circle of system
The following are two examples explaining the impacts of the manufacture errors on the image circle and MTF 
[5]. We design a two lens system, which its entrance pupil diameter (EPD) is 10 mm, the FOV is 5 degree, and the 
radius of image circle is 3.77mm. The system layout is illustrated as Fig. 2(a) for components error versus variation 
of system quality. If the lens 1 has a tiny tilt of 2 º, the imaging circle of sensor will be shifted. The radius of image 
circle is 4.48 mm as shown in Fig. 2(b). When the lens 2 has 1 mm decenter, it will cause the displacement of 
imaging circle (the radius of image circle is 4.28 mm). From this example, when the system has tolerance error, its 
image circle is larger than the ideal system, and that means the FOV of the tolerance system would be also larger 
than the original design. 
Figure 2 The imaging circle of optical system with/without lens tilt and decenter. 
In the example 2, the EPD of system is 5 mm and the system FOV is ± 5 º. The MTF value of system is larger 
than 0.3 @ 80 lp/mm. The system layout is illustrated in Fig. 3(a). Fig. 3(b) shows the MTF curve of the system 
without any error (ideal condition). When the lens 2 has tilt of 2º, the MTF of system was less than 0.3, so the MTF 
could not meet the specification, shown in Fig. 3(c). Compared with the origin system, the MTF value of tolerance 
system will decrease when the field angle is more than 5º. The tolerance system could be regarded as the origin 
system of larger FOV. Therefore, we can add an extra FOV to the origin system, and the MTF value of tolerance 
system can be thought of the MTF value of an origin system of larger FOV. In the manner, the FOV value will 
increase 0.5 º. Fig. 4 (a) shows the FOV of the origin design will change from ± 5.0 º to ± 5.5 º. Fig. 4(b) shows the 
equivalent design results of the MTF curve vs. various field angles. The MTF value of the origin system is larger 
than 0.3@ 80lp/mm (p point). When the lens 2 has tilt of 2 º, the MTF is smaller than 0.3 @ 80lp/mm, shown in Fig. 
4(c).  
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Figure 3 The MTF curves of the origin system and tolerance system with decenter.  
Figure 4 The MTF curves of the origin system and tolerance system with tilt. 
2.3. Procedure of equivalent tolerance design 
The system error (manufacturing/assembly error) will cause the FOV of system increasing, so the designer could 
evaluate the difference of FOV if the reasonable system error is determined. Therefore, the larger FOV of origin 
system is the FOV of tolerance system. This design method takes the real manufacture capability into account could 
to increase the stability of optical design. The origin system design with the larger FOV is the tolerance design of 
origin system based on the dominate tolerance items. The processes of the equivalent tolerance design method as 
describe in the following: 
Step (1): To design an optical system to meet the requirements of original system. 
Step (2): To perform the tolerance analysis of original system. 
Step (3): Based on the tolerance results, the designer can specific an increased ratio of FOV. 
Step (4): To enlarge the FOV of original system by the above increased ratio, and to perform the optimization of 
the system with enlarger FOV. 
Step (5): To compute the MTF value of the equivalent tolerance system. 
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3. Experiment and Discussion 
A 2.5x close-up lens is connected to a commercial digital camera (Canon IXUS60), so it has the photograph 
functions of close-up and high magnification. The close-up lens consisted of five lenses (including an achromatic 
doublet). Fig. 5 shows a photograph of the close-up digital camera and the system layout. The system is required 
that the MTF value is more than 0.5@  30 lp/mm and the FOV of system is 8.75 º. 
 (a) (b)
Figure 5 (a) The close-up lens coupled on the digital camera and (b) the layout of lens module. 
Figure 6 The MTF curves of close-up lens for digital-micro-imaging. 
We follow the previous equivalent design processes to perform the tolerance design of origin system. At first, the 
sensitivity analysis and the dominant tolerance item can be defined in Table 1. 
Table 1 Summary of the tolerance items and tolerance regions 
Type Range Type Range 
Decenter X ± 0.02 mm Decenter Y ± 0.02 mm 
Tilt X ± 0.05 degree Tilt Y ± 0.05 degree 
Thickness ± 0.01 mm Index ± 0.001 
Abbe 1%   
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Secondly, the designer need to perform the sensitivity analysis of origin system and to obtain the dominate 
tolerance items of MTF value [8]. Based on the dominate tolerance items, the designer can evaluate the MTF drop 
of tolerance system, shown in Table 2. In addition, we can calculate the magnify value of FOV. In this case, the item 
1 is the main dominate tolerance. From the evaluation of image circle, the degree of change is about 6.5% and the 
enlarger FOV is 9.5º. Re-input the design values and perform the optimization procedure of origin system. After 
optimization procedure, the MTF curves can be obtained as shown in Fig. 7(a). From the Fig. 7, the MTF value of 
tolerance system (FOV = 8.75º) is estimated from the MTF of origin system with enlarge FOV (FOV = 9.5º).
Table 2: The MTF drops of tolerance system 
Item Type Surface Tolerance MTF Change 
 1 Tolerance on element decenter Y   4 - 6 -0.02 mm 0.3012 -0.4188 
2 Tolerance on element decenter X 7 - 8 -0.02 mm 0.3418 -0.3782 
3 Tolerance on element decenter X 4 - 6 +0.02 mm 0.4356 -0.2844 
4 Tolerance on element decenter Y 7 - 8 -0.02 mm 0.4388 -0.2812 
Figure 7 The MTF curves of (a) origin system with the larger FOV and (b) tolerance system. 
The simulation shows that the equivalent tolerance design has the similar result as the traditional iterative 
tolerance design by the previous procedure. This method only needs to decide the added proportion of field angle 
and substitute it into the design of origin system, and perform the optimization of system once again. At last, the 
results of equivalent tolerance design can be obtained by the simple process of FOV enlarging. 
4. Conclusion 
This study proposes the equivalent tolerance design method for optical imaging systems to reduce the reliance on 
the engineering experience. This method is an independent designed procedure and it does not need the real 
tolerance design. The designers just need to follow the equivalent tolerance design procedures to compute every 
parameter of the tolerance system, so this method can be easily applied to any optical design by commercial package 
software. Moreover, based on the equivalent tolerance concept, the system can be designed to satisfy the 
requirement of designed specifications. Compared with the traditional tolerance design method, this method can 
save much time for try and error.  
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